We report excellent electrocatalytic performance by AlFe 2 B 2 in the oxygen-evolution reaction (OER). The inexpensive catalytic material, prepared simply by arc-melting followed by ball-milling, exhibits high stability and sustained catalytic performance under alkaline conditions. The overpotential value of 0.24 V observed at the current density of 10 mA cm À2 remained constant for at least 10 days. Electron microscopy and electron energy loss spectroscopy performed on the initial ball-milled material and on the material activated under electrocatalytic conditions suggest that the catalytic mechanism involves partial leaching of Al from the layered structure of 
Introduction
Fast depletion of fossil fuels drives extensive research efforts aimed at the development of renewable energy sources.
1 Solarpowered fuel cells are one of the desired clean-energy technologies, which rely on the utilization of sun and water as renewable energy sources.
2 Water electrolysis can be divided into two half reactions, hydrogen evolution reaction (HER) and oxygen evolution reaction (OER). In practice, the overall voltage required for electrocatalytic water splitting is substantially larger than the minimum thermodynamic value of 1.23 V. The excess voltage, known as overpotential, is due to various kinetic factors involved in the HER and OER processes. 3 The goal of electrocatalysis is to decrease the overpotential and afford more energy-efficient water splitting.
The extensive several-decade body of research into the HER and OER electrocatalysts 4 suggests some important criteria for the development of new catalytic systems: (1) for practical implementation, the catalyst should be heterogeneous; (2) to offer a viable alternative to fossil fuels, the catalyst should be inexpensive and composed of earth-abundant elements; (3) the catalyst should exhibit long-term chemical stability under extreme catalytic conditions; (4) the catalyst should combine active catalytic sites with a robust support for uninterrupted performance with high turnover frequency (TOF).
The state of the art electrocatalysts for HER and OER are Pt and IrO 2 or RuO 2 , respectively. 5 These catalysts are based on platinum group metals (PGMs), which are expensive and limited in their reserves. To that end, many recent works have focused on the investigation of electrocatalysts that incorporate rst-row transition metals.
4d, 5, 6 Providing a high surface area conductive support for the deposition of active catalyst nanoparticles is a widely accepted method for achieving heterogeneous catalysis and improving the long-term stability of the nanoscaled catalyst. For example, CoO x , one of the best catalysts for electrolytic water splitting, shows excellent performance in the presence of phosphate anions, which allegedly promote the formation of a supported and self-healing catalyst structure with easily accessible catalytic sites. An alternative strategy for achieving a supported catalyst with high surface area uses "multicomponent" materials, in which different parts of the structure can serve as the active catalytic sites and the inert conductive support. Such architecture allows the implementation of the active site separation concept, which has been shown to be effective in a number of intermetallic catalysts. As an example of this strategy, AlMoB has been recently reported as an efficient HER electrocatalyst. The material showed high stability under acidic conditions. In addition, it was found that the catalytic performance improved when the material was pre-etched under basic conditions. In alkaline solution, the Al atoms sandwiched between the MoB layers are etched away to open up the catalytically active transition metal sites that subsequently catalyze HER. 8 The underlying structure of AlMoB thus acts as a robust conductive support for the catalytically active sites separated by the partially etched Al layers.
The crystal structure of AlMoB (Fig. 1a) has attracted our attention due to its similarity with the structure of another ternary intermetallic compound, AlFe 2 B 2 (Fig. 1b) , which we earlier explored as a promising magnetocaloric material. 9 We have hypothesized that similar Al-etching procedure can affect the layered structure of AlFe 2 
Materials and methods

Synthesis
All manipulations during sample preparation were carried out in an Ar-lled dry box (content of O 2 < 0.5 ppm). Powders of aluminum (99.97%), iron (98%), crystalline boron (98%), and iron boride (FeB, 98%) were obtained from Alfa Aesar. The iron powder was additionally puried by heating in a ow of H 2 gas at 500 C for 5 h. The other materials were used as received.
AlFe 2 B 2 was synthesized as previously reported. 9 Starting materials were mixed in a Al : Fe : B ¼ 3 : 2 : 2 ratio (a total weight of 0.35 g) and pressed into a pellet, which was arc-melted in an argon-lled glovebox. The pellet was re-melted 4 times to achieve uniform melting. To maximize the sample's homogeneity, it was sealed in a silica tube under vacuum ($10 À5 Torr) and annealed at 900 C for 1 week. The annealed sample was ground and subjected to powder X-ray diffraction (PXRD), which revealed AlFe 2 B 2 as the major phase and Al 13 F 4 as a minor byproduct. The latter was removed by treating the sample for 3-5 min with dilute (1 : 1 v/v) aqueous solution of HCl.
Powder X-ray diffraction Room-temperature PXRD was carried out on a Panalytical X'Pert Pro diffractometer with an X'Celerator detector using Cu-Ka radiation (l ¼ 1.54187Å). Each pattern was recorded in the 2q range of 10 to 80 with a step of 0.05 and the total collection time of 1 h. The analysis of PXRD patterns was carried out with the HighScore Plus soware (Panalytical).
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Electrocatalyst preparation
The phase-pure sample of AlFe 2 B 2 was ball-milled at 1725 rpm for 1 h in an 8000 M High-Energy Mixer/Mill (SPEX), using a stainless-steel ball-milling set. The milling was carried out under Ar to minimize surface oxidation. The PXRD of the ballmilled sample revealed broadening of diffraction peaks, in accord with the decreased particle size. No traces of impurity phases were observed, except for a minor peak of Al 2 O 3 (which will be dissolved under basic conditions of electrochemical testing). Specic surface areas (S BET ) of the as-prepared AlFe 2 B 2 and reference catalysts were estimated using the BrunauerEmmett-Teller (BET) model with the Autosorb iQ 2 analyzer (Quantachrome). The ball-milled sample of AlFe 2 B 2 was converted into an electrocatalyst ink by ultrasonically dispersing 5 mg of the material in 1000 mL of ethanol containing 50 mL of a Naon solution (Sigma-Aldrich, 5 wt%). To prepare an electrode for catalytic tests, 200 mL of the ink was loaded on a Ni foam (Heze Jiaotong, 110 pores per inch, 0.3 mm thick, cleaned by ultrasonication in 6 M HCl) with an exposed area of 1.0 cm 2 , leading to a loading density of $1.0 mg cm À2 . The electrode was then allowed to dry naturally under ambient conditions.
Electrochemical measurements
Electrochemical measurements were conducted at 25 C, using a Biologic VMP-3 potentiostat/galvanostat. The OER performance of various catalysts was evaluated in a three-electrode system using 1.0 M KOH electrolyte, in which the catalytic electrode, the saturated calomel electrode (SCE), and a Pt wire served as the working, reference, and counter electrodes, respectively. Prior to each measurement, the SCE electrode was calibrated in Ar/H 2 -saturated 0.5 M H 2 SO 4 solution, using a clean Pt wire as the working electrode. Unless stated otherwise, all potentials reported in this work were converted to a reversible hydrogen electrode (RHE) reference scale according to the following equation:
241. An iRcorrection of 85% was applied in the polarization experiments to compensate for the voltage drop between the reference and working electrodes, which was evaluated by a single-point highfrequency impedance measurement. OER anodic polarization curves were recorded with a scan rate of 5 mV s À1 in the range from 1.0 to 1.7 V vs. RHE.
Impedance spectroscopy measurements were carried out at the overpotential of 0.26 V in the frequency range from 10 5 to 10 À2 Hz with a 10 mV sinusoidal perturbation. The catalytic stability of the electrodes was evaluated as a function of time at constant current density of 10 mA cm À2 .
Calculation of turnover frequencies (TOFs)
The O 2 TOFs for the electrocatalysts were estimated as TOF (s À1 )
where j is the current density (A cm À2 ) at a given overpotential, A is the surface area of the electrode (1.0 cm 2 ), F is the Faraday constant (96 485 C mol À1 ), and n is the amount of metal in the electrode (mol), determined as n ¼ 1.0 mg cm À2 Â 1.0 cm 2 Â 10 À3 /metal molar mass. We assumed that all of the metal ions were catalytically active and thereby calculated their TOFs. Notably, some metal sites were indeed inaccessible during OER, and thus the calculated TOFs represent the minimum possible values.
Transmission electron microscopy
The transmission electron microscopy (TEM), high-angle annular dark-eld scanning TEM (HAADF-STEM), electron diffraction (ED), energy-dispersive X-ray spectroscopy (STEM-EDX) and electron energy loss spectroscopy (STEM-EELS) in STEM mode studies were performed using a JEM-ARM200F microscope (cold eld-emission gun, probe and image aberration corrected, equipped with CENTURIO EDX detector and GIF Quantum). TEM samples were prepared by crushing a sample in an agate mortar in ethanol and depositing the obtained suspension on a Cu carbon holey grid.
Quantum-chemical calculations
Density-functional band structure calculations and crystal orbital Hamilton population (COHP) analysis 12 were performed using the tight binding-linear muffin tin orbitals-atomic sphere approximation (TB-LMTO-ASA) soware. 13 Published structural parameters of AlFe 2 B 2 were used 14 with no theoretical geometry optimization. Fe 4s, 3d, and 4p, Al 3s, 3p, and 3d, and B 2s, 2p, and 3d states were treated as valence orbitals (with Al and B 3d states downfolded). No additional empty spheres were needed to reach an overlap volume of 8.731%. A 23 Â 6 Â 23 k-point mesh was used to generate COHP curves for ve shortest interatomic contacts.
Results and discussion
Synthesis and analysis of AlFe 2 B 2
As shown by us previously, phase-pure AlFe 2 B 2 can be synthesized by means of arc-melting followed by homogenizing annealing at 900 C. A short treatment of the annealed sample with diluted HCl is required to eliminate the minor Al 13 Fe 4 impurity. The as-prepared AlFe 2 B 2 was ball-milled for 1 h to maximize the surface area of the material. The PXRD pattern of the ball-milled sample revealed that the phase composition of the material had been preserved aer ball-milling, although a minor peak observed at 2q ¼ 37 suggests the appearance of Al 2 O 3 byproduct. The impurity, however, was readily dissolved under the electrochemical testing conditions (pH ¼ 14) used in this work. The PXRD analysis also revealed broadening of diffraction lines in the pattern of the ball-milled sample as compared to the bulk sample (Fig. 2) . Analysis of the line broadening effect was carried out using the Scherrer equation, 15 which relates the average particle size (D) to the line broadening (D(2q)) at various diffraction angles (q):
The shape factor K was set to 0.9, and Si powder was used as a standard to evaluate the intrinsic line broadening of the diffractometer. This analysis led to D z 25 nm, indicating the substantial decrease in the crystallite size as compared to the bulk sample, as desired for electrocatalytic studies. This estimate, however, does not account for the line broadening due to strain introduced by ball-milling. Thus, it provides only the lower bound for the particle size, as will be demonstrated below by electron microscopy. In our previous work on bulk AlFe 2 B 2 , we observed that this material also dissolves in dilute HCl (although slower than the Al 13 Fe 4 impurity). Given the much higher stability of the binary FeB under acidic conditions, 16 one might assume that the reactivity of AlFe 2 B 2 toward the acid is initiated by leaching of Al from the space between the [Fe 2 B 2 ] layers. This assumption is also supported by the fact that the Al-Fe (2.622Å) and Al-B (2.430Å) bond lengths are substantially longer than the bonds within the [Fe 2 B 2 ] layer (B-B at 1.605Å and Fe-B at 2.048 and 2.199Å).
To evaluate more quantitatively the strengths of the bonds in the AlFe 2 B 2 structure, we carried out quantum-mechanical calculations to obtain the COHP curves for each of the aforementioned interatomic contacts. Integrating the -COHP curves, shown in Fig. 3 , up to the Fermi energy (E F ) gives -ICOHP (Table 1) , an energy value which correlates with the bond strength. 12 The positive values of -ICOHP represent a negative energy term, which indicates an overall stabilizing interaction, while the negative values indicate destabilizing interaction. As expected, the B-B bonds are the strongest in the structure, while the two crystallographically unique Fe-B contacts are moderately strong. The weakest interactions are observed for the Al-Fe and Al-B contacts. As will be shown below, this nding agrees not only with our chemical intuition, but also with experimental results.
Electrocatalytic studies
The nanoparticles of AlFe 2 B 2 obtained by ball-milling were converted into a catalyst ink and loaded on a Ni foam current collector. This electrocatalytic assembly was evaluated in 1 M KOH electrolyte, revealing high OER activity of the AlFe 2 B 2 electrocatalyst. Specically, the current densities of 10, 100, and 300 mA cm À2 were achieved at remarkably low overpotentials shows that AlFe 2 B 2 demonstrates the strongest catalytic current on anodic polarization, and only IrO 2 has higher activity than the AlFe 2 B 2 -based anode (Fig. S1 †) . The kinetic behavior of the electrocatalysts was compared by means of Tafel and Nyquist plots. The Tafel plot relates the rate of the electrochemical reaction to the overpotential by revealing the dependence of h on the logarithmic current density: h ¼ T S log(j/j 0 ). The Tafel slope (T S ) derived from this dependence indicates how susceptible the reaction rate is to changes in the applied voltage. The Tafel plots in Fig. 4b show that AlFe 2 B 2 exhibits not only the lowest overpotential per geometric area but also the smallest T S value in comparison to the reference electrocatalysts. An impressive T S value of 42 mV dec À1 , determined for AlFe 2 B 2 , indicates the fastest OER rate in the 1 M KOH electrolyte. The Nyquist plot, obtained from the AC impedance measurements, also demonstrates a signicantly smaller charge-transfer resistance for AlFe 2 B 2 as compared to the reference electrocatalysts (Fig. 4c) .
The O 2 TOFs were examined at various overpotentials (Fig. 4d) Upon examination of the catalyst's stability plot, we also noticed an obvious decrease in the overpotential value in the very beginning of the reaction (Fig. 4e) . To further explore this feature, we carried out several electrocatalytic cycles and monitored the current-potential curves, which revealed that the electrocatalyst was becoming more active, exhibiting progressively lower overpotential upon the initial cycling (Fig. 5) . As can be seen from these results, the overpotential appeared to stabilize aer the rst 20 cycles. To obtain a better insight into the origin of such behavior, we examined both the initial and activated catalysts by means of electron microscopy. 
Electron microscopy
The TEM investigation showed that the original ball-milled sample contained particles of different sizes, ranging from $30 nm to $500 nm (Fig. 6a) . The EDX spectroscopy showed the Al : Fe ratio of approximately 1 : 2, in agreement with the composition of the bulk material. The elemental mapping also showed the presence of a thin oxide layer (Fig. 6b) , which agrees with the minor oxidation and the presence of a peak that belongs to Al 2 O 3 in the PXRD pattern of the ball-milled material (Fig. 2b) .
The activated sample, obtained aer 20 initial OER cycles, appeared much more heterogeneous, which made its analysis difficult. Nevertheless, the overall appearance of this sample clearly revealed the formation of a core-shell structure. In comparison to the sample before the catalysis (Fig. 6b) , the EDX elemental mapping showed the presence of a thick layer of iron oxide on the surface of the catalytically activated AlFe 2 B 2 particles (Fig. 6c) . The EDX elemental mapping also showed that the Al : Fe ratio had drastically decreased, from 1 : 2 in the initial catalyst to 1 : 6 in the activated one. This nding suggests that Al is partially leached out of the layered AlFe 2 B 2 structure under the harsh basic conditions of electrocatalysis, a hypothesis supported by our theoretical analysis of the relative bond strengths (Table 1) .
EELS was used to probe the changes in the nature of the Fe sites during OER and to conrm the presence and localization of boron, which is difficult to detect by EDX spectroscopy. Importantly, we observed that B was consistently present in the core-shell structures (Fig. 6d) , along with Fe. Recording the combined EELS elemental map required the choice of a specic energy window to monitor the presence of different elements. Nevertheless, the EELS mapping observed in Fig. 6d clearly shows the appearance of the AlFe 2 B 2 nanoparticles (seen as the light yellow-green colored area) shelled with a layer of iron oxide (seen as a pink shell due to the combination of red (Fe) and blue (O) colors). Furthermore, a careful look at the gure also allows us to distinguish yellow-greenish areas hidden underneath the pink areas, in agreement with the in situ formation of the iron oxide layer around the AlFe 2 B 2 particles.
Taking into account the EDX results and combining them with the EELS data, we can conclude that these particles, indeed, consist of the AlFe 2 B 2 core shelled with a layer of iron oxide. Analysis of the EELS data indicates that prior to catalytic testing the AlFe 2 B 2 particles mainly contain Fe 0 sites, with minor Fe 3+ impurities. Aer activation, the thick oxide shell appears to be magnetite, Fe 3 O 4 . This phase can be distinguished from a-Fe 2 O 3 and FeO by examining the iron L-edge and oxygen K-edge EELS ne structure observed in the energy regions around 705-725 eV and 530-570 eV, respectively (Fig. 7) .
In particular, the Fe L 3 peak is shied to lower energies as compared to the peak of a-Fe 2 O 3 , while the Fe L 2 peak is shied to higher energies as compared to the peak of FeO. The formation of Fe 3 O 4 nanoparticles was also conrmed by selected area ED patterns and HRTEM imaging (Fig. 8) . The ED patterns were perfectly indexed using the unit cell parameters of We should also point out that examination of the EDX spectra did not reveal any visible traces of Ni (Fig. S2 †) , which excludes the possibility that the high catalytic activity of our sample could be due to the formation of mixed Ni-Fe oxyhydroxides, known to be excellent OER electrocatalysts. Based on these results, we propose that the excellent OER performance by AlFe 2 B 2 is due to the partial etching of Al from the structure, followed by the surface oxidation of the exposed [Fe 2 B 2 ] layers, as reected by the following idealized reaction sequence:
where "FeB" stands for the modied AlFe 2 B 2 with partially etched Al layers.
We would like to emphasize that the scheme shown above provides a much simplied version of the surface reconstruction process, which likely involves (a) the dissolution of the Al layers; (b) the formation of hydroxidic Fe species due to the oxidation of the [Fe 2 B 2 ] layers under alkaline conditions; (c) the diffusion of oxygen through the shell of oxidized Fe species, leading to gradual thickening of the shell and conversion of its bulk to Fe 3 (Fig. 9) . A comparison with other non-oxide OER catalysts (borides and phosphides) 10a,18 reveals a remarkably stable and efficient performance of the catalytic system developed in this work (Fig. 10) .
Conclusions
In summary, we have established that the layered-structure boride, AlFe 2 B 2 , serves as an excellent OER pre-catalyst, maintaining high electrocatalytic activity for more than 10 days under alkaline conditions. This material, composed of inexpensive and earth-abundant elements, outperforms the wellknown PGM-based catalysts, IrO 2 and RuO 2 . The high OER activity of AlFe 2 B 2 is explained by its ability to act as a robust support for in situ formed Fe 3 O 4 nanoclusters, which serve as active catalytic sites. This notion is supported by the much poorer performance of the catalyst prepared solely with Fe 3 O 4 nanoparticles, as well as by electron microscopy studies, which clearly demonstrate the fast formation of the Fe 3 O 4 shell on the surface of the AlFe 2 B 2 particles upon initial electrocatalytic cycling.
It is also possible that the Al layers not only separate the [Fe 2 B 2 ] layers and thus provide a more structured pre-catalyst, but also act as efficient electron-transport pathways, thus additionally facilitating the electrocatalytic reaction. To address this possibility, as well as other intriguing questions raised by the present work, we are currently expanding our studies to the other AlM 2 B 2 (M ¼ Cr, Mn) compounds, which are isostructural to AlFe 2 B 2 . Our ndings in this direction will be reported in due course. 
